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ABSTRACT: Epistasis (additive × additive interaction) plays an important role in the genetic 
architecture of complex traits. This study presents analytical and numerical comparisons of two 
methods of estimation of additive × additive interaction of QTL effects. In the first method, we 
observed only the plant phenotype, while in the second method we have additional information 
from the molecular markers observations. In this study, two data sets were analyzed: i) 150 
barley (Hordeum vulgare L.) doubled-haploid lines derived from the cross Steptoe × Morex and 
ii) 145 doubled-haploid lines of barley obtained from the cross Harrington × TR306. In total, 153 
sets of observations were analyzed. The additive × additive interaction effect calculated on the 
basis of the marker observations is smaller than the total additive × additive interaction effect 
obtained from phenotypic observations only.
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Introduction
Numerical and simulation comparisons of the 
methods of estimation of the parameter connected with 
the additive gene (quantitative trait locus, QTL) action 
effect: phenotypic method, which is based on extreme 
groups of homozygous lines, and genotypic method, 
which is based on molecular observations were showed 
by Bocianowski and Krajewski (2009). In this paper, the 
possibility of better characterize the QTL by allowing for 
the additive × additive interaction is studied.
Epistasis (additive × additive interaction or non-
allelic interaction or QTL × QTL interaction), usually 
denotes by aa, plays an important role in the genetic 
architecture of complex traits. Epistasis refers to the 
phenotypic effects of interactions among alleles of mul-
tiple loci (Xing et al., 2002). In the classical quantita-
tive genetics, the epistasis was defined as the deviation 
from additivity of the effects between alleles of different 
loci (Cockerham, 1954). Recent genetic analyses using 
molecular markers in several plant species have clearly 
shown that, in addition to single locus QTLs, additive 
× additive interactions play an important role on the 
genetic basis of quantitative traits (Lark et al., 1995; Li et 
al., 1997; Maughan et al., 1996; Yu et al., 1997).
The epistasis is a very important genetic param-
eter and a large number of additive × additive inter-
actions have been detected in rice (Govindaraj et al., 
2009; Mei et al., 2005; Norton and Price, 2010; Zhao et 
al., 2010a; Yu et al., 1997), soybean (Kang et al., 2009), 
wheat (Liang et al., 2010; Ma et al., 2005; Zhao et al., 
2010b).
The study to compare two methods of estimation 
of the parameter connected with the additive × additive 
interaction gene action: the phenotypic method, used 
traditionally in quantitative genetics, and the genotypic 
method, which is based on marker observations. The 
comparison was performed by analytical methods and 
by analyses of real data sets of barley (Hordeum vul-
gare L.) doubled haploid lines. Comparison of these two 
methods with respects to obtained estimates and breed-
ing recommendations has not been adequately consid-
ered in the literature. Bocianowski (2008) discussed 
briefly this issue on the basis of one experiment with 
120 barley doubled haploid lines and four traits – beta-
amylase activity, alpha-amylase activity, beta-glucanase 
activity and cyst nematode resistance.
Materials and Methods
Estimation of the non-allelic gene action effect
If in the experiment we observed n homozygous 
(doubled haploid, DH) plant lines, we get an n-vector of 
phenotypic mean observations y = [y1 y2 … yn]’ and q n-
vectors of marker genotype observations ml, l=1, 2, …, 
q. The i-th element (i=1, 2, …, n) of vector ml is equal 
–1 or 1, depending on the parent’s genotype exhibited 
by the i-th line.
Estimation based on the phenotype
Estimation of the non-allelic interaction of homozy-
gous loci (epistasis) effect aa (Kearsey and Pooni, 1996) on 
the basis of phenotypic observations y requires identifica-
tion of groups of extreme lines, i.e., lines with minimal and 
maximal expression of the observed trait (Choo and Rein-
bergs, 1982). The group of minimal lines consists of the 
lines which contain, theoretically, only alleles decreasing 
the value of the trait. Analogously, the group of maximal 
lines contains the lines which have only alleles increasing 
the trait value. In this paper we identify the groups of 
extreme lines using the quantile method (Bocianowski et 
al., 1999), in which as minimal (maximal) lines are taken 
the ones with the mean values smaller (bigger) than 0.03 
(0.97) quantile of the empirical distribution of means. The 
total non-allelic interaction effect aa can be estimated by 
the formula (Surma et al., 1984).
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where  and  denote the means for the groups of 
minimal and maximal lines, respectively,  denotes the 
mean for all lines.
Estimation based on the genotypic observations
Estimation of aa is based on the assumption that 
the genes responsible for the trait are closely linked to 
observed molecular marker. By choosing from all ob-
served markers p we can explain the variability of the 
trait, and model observations for the lines as
y = 1m + Xb + Zg + e   (2) 
where 1 denotes the n-dimensional vector of ones, µ de-
notes the general mean, X denotes (n×p)-dimensional 
matrix of the form X =[ml1   ml2  ...  mlp], l1, l2, …, lp ∈{1, 
2, …, q}, b denotes the p-dimensional vector of unknown 
parameters of the form b’ = [al1   al2  ...  alp], Z denotes 
matrix which columns are products of some columns of 
matrix X, g denotes the vector of unknown parameters 
of the form g’ = [aal1l2   aal1l3   ...  aalp-1lp], e denotes the n-di-
mensional vector of random variables such that E(ei)=0, 
Cov(ei, ej)=0 for i ≠ j, i, j= 1, 2, …, n. The parameters al1, 
al2, ..., alp are the additive effects of the genes controlling 
the trait and parameters aal1l2,  aal1l3, ... aalp-1lp are the ad-
ditive × additive interaction effects. We assume that the 
epistatic interaction effects show only loci with signifi-
cant additive gene action effects. This assumption sig-
nificantly decreases the number of potential significant 
effects and causes the regression model more useful.
Denoting by a’ = [m   b’   g’]  and G = [1   X   Z] 
we obtain the model
y = Ga + e.  (3)
If G is of full rank, the estimate of a is given by (Searle, 
1982)
.      (4)
The total epistasis effect of genes influencing the 
trait can be found as
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Selection of markers chosen for model (2) can 
be made, e.g., by a stepwise regression procedure (Bo-
cianowski and Krajewski, 2009). Here, we used a three-
stage algorithm, in which: first, selection was made by 
a backward stepwise search independently inside all 
linkage groups; then, markers chosen in this way were 
put in one group and subjected to the second backward 
selection (see Jansen and Stam, 1994). Finally, at the 
third stage, we considered situations, in which chosen 
markers were located on the chromosome very close to 
each other (closer than 5 cM). Because these markers 
are linked probably to one QTL, only the marker with 
the largest value of the test statistic was retained in the 
set. At the first and second stages we used the critical 
significance level equal to 0.001, resulting from Bonfer-
roni correction.
Examples
In order to compare estimates of aa obtained by 
different methods the following data sets were used.
Example 1: the data concern 150 doubled haploid 
(DH) lines of barley obtained from the Steptoe × 
Morex cross, used in the North American Barley Ge-
nome Mapping (NABGM) project and tested at sixteen 
environments (Kleinhofs et al., 1993; Romagosa et al., 
1996; http://wheat.pw.usda.gov/ggpages/SxM). The 
linkage map used consisted of 223 molecular markers, 
mostly RFLP, with mean distance between markers 
equal to 5.66 cM. The lines were analyzed for eight 
phenotypic traits (alpha amylase, AA; diastatic pow-
er, DP; grain protein, GP; grain yield, GY; height, H; 
heading date, HD; lodging, L; malt extract, ME; Hayes 
et al., 1993). Grain protein, lodging and malt extract 
were transformed by arcsin . Missing marker 
data were estimated by the method of Martinez and 
Curnow (1994), that is, using non-missing data of 
flanking markers.
Example 2: the data come also from the NABGM 
project (Tinker et al., 1996, http://wheat.pw.usda.gov/
ggpages/maps/Hordeum) and concern 145 doubled hap-
loid (DH) lines of barley obtained from the cross Har-
rington × TR306. The lines were analyzed for seven 
phenotypic traits (weight of grain harvested per unit 
area, WG; number of days from planting until emer-
gence of 50 % of heads on main tillers, NH; number of 
days from planting until physiological maturity, NM; 
plant height, H; lodging transformed by arcsin , 
L; 1000 kernel weight, KW; test weight, TW). We used 
the map composed of 127 molecular markers (mostly 
RFLP) with the mean distance between markers equal 
to 10.62 cM. Results shown below concern observa-
tions from five environments (in four environments 
observations were made over two years). Total 153 sets 
of observations, independently for each trait and each 
environmental for both examples, were considered as 
separate cases.
Results
Analytical comparison
The estimators of the total epistasis effect, (1) and 
(5), can be analytically compared under some simplifying 
assumptions. Model (2) treats the marker observations as 
fixed. In fact, the vectors ml, l = 1, 2, …, q, constitute ob-
servations of some random variables. Then, the following 
two genetic assumptions can be taken into account:
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(i) that the markers are unlinked, that is, for any 
two markers probability of observing (1, 1) or (–1, –1) is 
the same as observing (1, –1) or (–1, 1); (ii) that the seg-
regation of each marker is concordant with the genetic 
model appropriate for the analyzed population, which in 
our case means that the probability of observing “–1” is 
the same as observing “1”.
If the marker data satisfied exactly assumptions (i) 
and (ii) we would have
   
,   (6)
where  and  denote the means for lines with 
observations of k-th and k’-th markers equal –1 and 1, 
respectively.
Practically, the marker data do not fulfill exactly 
the conditions leading to (6). The assumption (i) is, 
however, approximately true if the markers chosen 
to model (2) are weakly linked, that is, if they are 
far from each other on the linkage map (possibly in 
different linkage groups). The assumption (ii) is usu-
ally tested by a χ2 test before any linkage analysis is 
done.
Numerical comparison
Tables 1 and 2 contain phenotypic and genotypic, 
respectively, estimates of the total additive × additive 
interaction effects for the 150 doubled haploid lines 
of barley obtained from the Steptoe × Morex cross. 
In 27 cases (30 %) we did not find significant additive 
× additive interaction effects (p > 0.05). Epistasis ef-
fects with two opposite signs were obtained in 30 cases 
(Tables 1 and 2). Figure 1 shows the summary of the 
comparisons between genotypic and phenotypic esti-
Table 1 – Phenotypic estimates of the total additive × additive interaction effect for the 150 doubled haploid lines of barley obtained from the 
Steptoe × Morex cross.
Environment
Trait
AA$ DP GY GP HD H L ME
ID91# 1.108 7.660 -0.326 0.001 -0.050 0.726 0.002
ID92 1.206 17.070 -0.571 -0.001 0.447 1.587 0.001
MA92 -0.018 -0.390 0.170 0.013
MN92 2.141 6.660 -0.387 -0.003 0.927 1.080 0.005
MTd91 -0.124 -0.380 -0.448
MTd92 2.226 14.410 -0.400 0.004 0.580 1.265 0.032 -0.002
MTi91 3.357 12.090 -0.121 -0.001 1.007 0.480 -0.001
MTi92 0.903 11.620 -0.225 0.006 -0.333 1.647 0.063 -0.005
NY92 0.126 0.107 1.167 0.096
ON92 -0.073 1.280 0.033 0.055
OR91 2.231 13.190 0.432 -0.001 0.540 -0.743 -0.003
SKg92 -0.222 0.327 5.356
SKg93 -0.133 0.647 0.647
SKo92 0.263 1.353 0.260 -0.044
WA91 1.371 5.453 0.009 0.001 1.487 -3.977 0.002
WA92 0.666 10.810 -0.288 0.004 0.313 0.583  0.002
#ID91 = Aberdeen, Idaho, 1991; ID92 = Tetonia, Idaho, 1992; MA92 = Brandon, Manitoba, 1992; MN92 = Crookston, Minnesota, 1992; MTd91 = Bozeman, 
Montana, dry, 1991; MTd92 = Bonzeman, Montana, dry, 1992; MTi91 = Bozeman, Montana, irrigated, 1991; MTi92 = Bozeman, Montana, irrigated, 1992; 
NY92 = Ithaca, New York, 1992; ON92 – Guelph, Ontario, 1992; OR91 – Klamath Falls, Oregon, 1991; SKg92 – Goodlae, Saskatchewan, 1992; SKg93 – Kcfr, 
Saskatchewan, 1992; SKo92 – Outlook, Saskatchewan, 1992; WA91 – Pullman, Washington, 1991; WA92 – Pullman, Washington, 1992; $AA – alpha amylase; DP 
– diastatic power; GP – grain protein; GY – grain yield; H – height; HD – heading date; L – lodging; ME – malt extract.
Figure 1 – Relative comparison of phenotypic and genotypic 
estimates of the total additive × additive interaction effect 
for the 150 doubled haploid lines of barley obtained from the 
Steptoe × Morex cross: box-and-whisker diagram of the values 
, classified by the observed phenotypic traits (AA 
– alpha amylase; DP – diastatic power; GP – grain protein; GY – 
grain yield; H – height; HD – heading date; L – lodging; ME – malt 
extract).
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mates of the total additive × additive interaction effect 
in the form of a box-and-whisker diagram of the ob-
served values  for the 150 doubled hap-
loid lines of barley obtained from the Steptoe × Morex 
cross (variability over 16 environments). In most of the 
considered situations the total additive × additive in-
teraction effect calculated on the basis of the marker 
observations was smaller than the total additive × ad-
ditive interaction effect obtained from phenotypic ob-
servations only. However, the range of the comparative 
coefficients is quite large, from -194.19 % for DP in one 
of the environments (MN92), to 199.84 % for GP in 
MTi91. The smallest range of values was observed for 
the trait ME.
Tables 3 and 4 contain phenotypic and genotypic-
estimates of the total additive × additive interaction 
effects for the 145 doubled haploid lines of barley ob-
tained from the cross Harrington × TR306, respective-
ly. In 38 cases (60 %) we did not find significant addi-
tive × additive interaction effects (p < 0.001). Epistasis 
effects with two opposite signs were obtained in ten 
cases (Tables 3 and 4). In Figure 2, comparisons be-
tween genotypic and phenotypic estimates of the to-
tal additive × additive interaction effect for the 145 
doubled haploid lines of barley obtained from the cross 
Harrington × TR306 is shown. Again, most of the ge-
notypic estimates were smaller than the phenotypic 
ones. The range of the calculated coefficients was from 
-140.32 % for WG in ON93b, to 188.62 % for lodging in 
SK93a. The smallest range of the values was observed 
for the trait KW.
Discussion
The parameter connected with the additive × ad-
ditive interaction of genes can influence decisions about 
usefulness of the breeding material for obtaining new 
genotypes with characteristics improved over the paren-
tal forms. In this paper the methods of estimation of the 
total additive × additive interaction genes effect were 
compared analytically and numerically. Under the as-
Table 3 – Phenotypic estimates of the total additive × additive 
interaction effect for the 145 doubled haploid lines of barley 
obtained from the cross Harrington × TR306.
Environment
Trait
WG$ NH NM H L KW TW
ON92a# -0.338 0.577 0.022 1.536 0.181 -1.066 -1.008
ON93a 3.478 0.115 0.513 -0.907 0.088 0.028 -0.717
ON92b 5.394 0.334 0.039 0.705 -0.091 0.424 -0.220
ON93b -3.549 0.258 0.216 0.391 0.200 0.106 -0.486
MB92 2.485 -0.144 0.478 0.779 0.173 0.070 -0.894
MB93 -15.300 0.729 -0.086 0.188 0.013 -0.658 -1.203
QC93 -5.072 -0.179 -0.597 0.151 0.030 -0.059 -0.522
SK92a 36.690 0.732 0.242 1.483 -0.100 -0.803 -1.661
SK93a -2.647 -0.272 -0.721 0.484 0.025 0.539 -0.208
#ON92a = Ailsa Craig, Ontario, 1992; ON93a = Ailsa Craig, Ontario, 1993; 
ON92b = Elora, Ontario, 1992; ON93b = Elora, Ontario, 1993; MB92 = 
Brandon, Manitoba, 1992; MB93 = Brandon, Manitoba, 1993; QC93 = Ste-
Anne-de-Bellevue, Quebec, 1993; SK92a = Outlook, Saskatchewan, 1992; 
SK93a = Outlook, Saskatchewan, 1992; $WG = weight of grain harvested per 
unit area; NH = number of days from planting until emergence of 50 % of heads 
on main tillers; NM = number of days from planting until physiological maturity; H 
= plant height; L = lodging; KW = 1000 kernel weight; TW = test weight.
Table 2 – Genotypic estimates of the total additive × additive interaction effect for the 150 doubled haploid lines of barley obtained from the 
Steptoe × Morex cross.
Environment
Trait
AA$ DP GY GP HD H L ME
ID91# 1.142 1.322 0.164 0.000* 0.041 -1.183 -0.002
ID92 1.223 -6.003 0.131 -0.001 0.382 -1.456 0.000
MA92 -0.020 0.435 -0.192 0.023
MN92 -1.436 -12.933 0.126 0.000 0.000 0.000 0.001
MTd91 -0.221 0.624 0.000
MTd92 0.741 8.844 -0.050 0.000 0.000 2.483 0.031 0.001
MTi91 0.889 -10.790 0.196 -0.001 0.516 -0.915 0.000
MTi92 0.446 7.978 0.000 -0.009 0.263 -1.079 0.056 0.000
NY92 0.000 0.185 0.657 -0.026
ON92 0.098 -1.986 0.000 0.000
OR91 0.686 13.490 0.000 0.000 0.242 0.000 0.000
SKg92 0.279 0.000 5.661
SKg93 0.173 0.362 0.000
SKo92 0.000 -0.755 0.000 0.043
WA91 0.000 0.000 -0.001 0.001 0.000 0.983 0.000
WA92 0.406 9.448 -0.167 0.000 0.284 -0.818 -0.002
*no significant additive × additive interaction effect were found for the trait; #ID91 = Aberdeen, Idaho, 1991; ID92 = Tetonia, Idaho, 1992; MA92 = Brandon, 
Manitoba, 1992; MN92 = Crookston, Minnesota, 1992; MTd91 = Bozeman, Montana, dry, 1991; MTd92 = Bonzeman, Montana, dry, 1992; MTi91 = Bozeman, 
Montana, irrigated, 1991; MTi92 = Bozeman, Montana, irrigated, 1992; NY92 = Ithaca, New York, 1992; ON92 = Guelph, Ontario, 1992; OR91 = Klamath 
Falls, Oregon, 1991; SKg92 = Goodlae, Saskatchewan, 1992; SKg93 = Kcfr, Saskatchewan, 1992; SKo92 = Outlook, Saskatchewan, 1992; WA91 = Pullman, 
Washington, 1991; WA92 = Pullman, Washington, 1992; $AA = alpha amylase; DP = diastatic power; GP = grain protein; GY = grain yield; H = height; HD = heading 
date; L = lodging; ME = malt extract.
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Table 4 – Genotypic estimates of the total additive × additive 
interaction effect for the 145 doubled haploid lines of barley 
obtained from the cross Harrington × TR306.
Environment
Trait
WG$ NH NM H L KW TW
ON92a# -0.620 0.000 0.027 2.430 -0.074 0.000 0.000
ON93a 0.000 0.000 -0.106 -0.625 0.000 0.000 0.000
ON92b 7.438 0.076 0.000 0.000 0.045 0.000 0.298
ON93b 4.980 0.000 0.000 -0.428 0.062 0.000 0.498
MB92 0.000 -0.174 -0.079 0.000 0.000 0.051 0.000
MB93 0.000 0.209 0.000 -0.097 -0.003 0.000 -0.425
QC93 0.000 -0.273 -0.253 0.000 0.000 0.000 0.000
SK92a 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SK93a 0.000 0.000 0.000 0.000 0.047 0.549 0.000
#ON92a = Ailsa Craig, Ontario, 1992; ON93a = Ailsa Craig, Ontario, 1993; 
ON92b = Elora, Ontario, 1992; ON93b = Elora, Ontario, 1993; MB92 = 
Brandon, Manitoba, 1992; MB93 = Brandon, Manitoba, 1993; QC93 = Ste-
Anne-de-Bellevue, Quebec, 1993; SK92a = Outlook, Saskatchewan, 1992; 
SK93a = Outlook, Saskatchewan, 1992; $WG = weight of grain harvested per 
unit area; NH = number of days from planting until emergence of 50 % of heads 
on main tillers; NM = number of days from planting until physiological maturity; 
H = plant height; L = lodging; KW = 1000 kernel weight; TW = test weight.
Figure 2 – Relative comparison of phenotypic and genotypic 
estimates of the total additive × additive interaction effect for 
the 145 doubled haploid lines of barley obtained from the cross 
Harrington × TR306: box-and-whisker diagram of the values 
, classified by the observed phenotypic traits 
(H – plant height; KW – 1000 kernel weight; L – lodging; NH 
– number of days from planting until emergence of 50 % of 
heads on main tillers; NM – number of days from planting until 
physiological maturity; TW – test weight; WG – weight of grain 
harvested per unit area).
sumption of correct segregation and no linkage between 
markers, the formulae for the phenotypic and genotypic 
estimators are comparable, and that the additive × addi-
tive interaction effect of each QTLs pair is smaller than 
the phenotypic effect.
The numerical comparison of estimates of the ad-
ditive × additive interaction effect was based on two 
examples of barley doubled haploid lines. In total, 153 
sets of observations were analyzed. Usually the phe-
notypic estimate of additive × additive interaction is a 
larger than the genotypic one. These results agree with 
the intuition, because the phenotypic estimate is an esti-
mate of the total additive × additive interaction effects 
of all genes pairs influencing the trait, whereas the esti-
mate obtained on the basis of genotypic observations is 
an estimate of the epistasis action of only selected genes 
pairs. The range of differences is, like for additive ef-
fect (Bocianowski and Krajewski, 2009), most probably 
a consequence of considering a large variety of experi-
mental situations, traits and environments. In some of 
the cases epistasis effects obtained on the basis of phe-
notypic observations only were lower than the QTL × 
QTL interactions effects. It can be explained by higher 
diverse of doubled haploid lines on the genetic level than 
phenotypic diversity.
The method used in this paper was a simple one, 
of backward stepwise regression. However, a compari-
son with the results of analysis of the same data by us-
ing inclusive composite interval mapping (ICIM) method 
(described by Li et al., 2008) shows that comparable re-
sults were obtained, with respect to the number and ef-
fects of QTL × QTL interactions.
Epistatic effects are difficult to detect because an 
epistatic genetic model potentially contains a large num-
ber of model effects (Cheverud and Routman, 1995; He 
et al., 2011; Zhang and Hu, 2005). Hence, in many QTL 
studies for quantitative traits were usually assumed ab-
sence of epistasis among QTLs (Chen et al., 2010; Frova 
et al., 1999; Mares and Campbell, 2001; Parker et al., 
1998; Sari-Gorla et al., 1999; Ullrich et al., 2009; Xue et 
al., 2009a,b).
Multiple regression models with additive × addi-
tive interactions can be used as a useful statistical tool 
for QTL characteristic. Very important is assumption 
that additive × additive interaction effects show only 
loci linked to markers with significant additive effects. In 
a previous paper (Bocianowski and Krajewski, 2009) we 
observed the lack of influence of the marker density on 
the additive estimates. Hence, marker density has no in-
fluence on the additive × additive interaction estimates. 
Further studies are necessary with respect to additive 
× additive interaction effects conducted by simulation 
analysis that would make possible consideration of dif-
ferent experimental situations.
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